A simple and efficient method is described for introduction of non-canonical amino acids at multiple, structurally defined sites within recombinant polypeptide sequences. E. coli MRA30, a bacterial host strain with attenuated activity for release factor 1 (RF1), is assessed for its ability to support the incorporation of a diverse range of non-canonical amino acids in response to multiple encoded amber (TAG) codons within genetic templates derived from superfolder GFP and an elastin-mimetic protein polymer. Suppression efficiency and isolated protein yield were observed to depend on the identity of the orthogonal aminoacyl-tRNA synthetase/tRNA CUA pair and the non-canonical amino acid substrate. This approach afforded elastin-mimetic protein polymers containing non-canonical amino acid derivatives at up to twenty-two positions within the repeat sequence with high levels of substitution. The identity and position of the variant residues was confirmed by mass spectrometric analysis of the full-length polypeptides and proteolytic cleavage fragments resulting from thermolysin digestion. The accumulated data suggest that this multi-site suppression approach permits the preparation of protein-based materials in which novel chemical functionality can be introduced at precisely defined positions within the polypeptide sequence.
Introduction
Protein polymers derived from sequence-repetitive polypeptides [1] have been employed increasingly for the creation of novel functional materials in which the architectural uniformity of the biosynthetic macromolecules promotes self-assembly into structurally defined supramolecular materials that exhibit distinctive properties as a consequence of this sequence specificity (e.g., lamellar crystallites, dimensionally defined fibrils, surfaceadhesive coatings, substrate-selective sorbents, electrically conducting nano-wires, liquid crystalline mesophases, environmentally-responsive nanoparticles and nanostructured hydrogels). [2] [3] [4] [5] [6] [7] [8] [9] This approach contrasts with the synthesis of conventional organic polymers in which statistical mixtures are obtained as products and, consequently, the ability to create functional domains of defined architecture is limited to "living" polymerizations or more operationally complex methodologies. [10] However, protein polymers have a significant disadvantage vis-à-vis conventional organic polymers in that their chemical diversity is generally limited to functional groups that comprise the side-chains of canonical amino acid residues. [11] Several scenarios may be contemplated in which it would be advantageous to expand the functional group complexity of synthetic protein-based materials beyond that of the canonical amino acids. These situations include the creation of multi-component conjugates, [12] the introduction of chemically unique and/or bio-orthogonal reactive groups, [13] or substitution with amino acids that would enhance materials properties or ease of fabrication.
Recent advances in synthetic biology promise to push the boundary of chemical tolerance of biosynthetic systems to the point in which one might envision the preparation of sequencerepetitive polypeptides in which multiple non-canonical amino acids have been incorporated at defined positions in the polypeptide sequence in high yield and degree of substitution. Functionally enhanced protein polymers have been prepared previously through incorporation of non-canonical amino acids using biosynthesis. [14] [15] [16] [17] [18] [19] [20] [21] However, this approach has relied primarily on the native E. coli biosynthetic machinery to effect global substitution of genetically encoded canonical amino acids with structurally similar noncanonical amino acids. [22] While significant changes in materials properties are often observed due to the chemical influence of the non-canonical amino acid, this sense-codon suppression strategy places restrictions on the chemical diversity of non-canonical amino acids that could be employed as substrates for incorporation into the target polypeptides. The endogenous aminoacyl-tRNA synthetases display significantly greater affinity for the native substrate than for the non-canonical amino acids, which limits the expression conditions to defined culture media that have been depleted of the canonical amino acid and usually require the use of auxotrophic E. coli strains. Moreover, the isolated yields of the target proteins are often low and the degree of substitution with the non-canonical amino acid is not necessarily quantitative. [23] In contrast, the most common procedure for site-selective substitution relies on the use of a biologically orthogonal aminoacyl-tRNA synthetase to charge a non-canonical amino acid to an orthogonal tRNA within an E. coli bacterial host system. 24 The non-canonical amino acid is inserted into a growing polypeptide chain during ribosomal biosynthesis in response to a codon that is complementary to the anti-codon of the charged tRNA species, usually a suppressor tRNA that recognizes the amber (TAG) termination codon. Schultz, et al., [24] among others, [25] have employed protein evolution to engineer biologically orthogonal aminoacyl-tRNA synthetases that recognize and charge a chemically diverse range of noncanonical amino acids to suppressor tRNAs. However, while nonsense suppression can be effective for single insertions of non-canonical amino acids, the overall suppression efficiency decreases as the number of termination codons within the genetic template increases due to the multiplicative effect of competition with release factors at each suppression site. Thus, protein polymers that contain one or more suppression sites within the repeat sequence would not be expected to afford a high-level of substitution or a high yield of the full-length polypeptide.
Recently, several research groups have described an approach to multi-site non-sense suppression in genetically modified E. coli strains. [26] [27] These researchers were able to identify genetic modifications within the E. coli genome that enabled deletion of the prfA gene encoding RF1; the release factor that recognizes the amber (TAG) codon and induces hydrolysis of the peptidyl-tRNA bond. These E. coli strains support multi-site suppression with non-canonical amino acids for proteins in which up to ten amber codons had been introduced at distinct sites within the coding sequence. Target polypeptides could be produced in isolated yields that far surpassed those in the presence of wild-type RF1 levels and were sufficient for preparative scale isolation. While RF1 deletion represents a promising strategy for the preparation of proteins with multiple non-canonical amino acids encoded at defined sites within the polypeptide sequence, these mutant E. coli strains are not generally available and the corresponding wild-type strains require significant genetic modification to achieve the desired phenotype. However, several E. coli strains have been described in which simple mutations have been introduced into prfA gene that attenuate the translation termination activity of RF1 and support enhanced read-through of amber termination codons. [28] We describe herein the use of one of these strains, E. coli MRA30, to facilitate incorporation of multiple non-canonical amino acids into recombinant polypeptides in high-yield and degree of substitution. This synthetic approach provides access to protein polymers that have been modified extensively with non-canonical amino acids at specific positions within the sequence, potentially enhancing the functional repertoire of this novel class of materials.
Results and Discussion
The success of this strategy requires a host strain that is permissive for suppression of amber codons and the presence of an orthogonal aminoacyl-tRNA synthetase that can charge a non-canonical amino acid to a suppressor tRNA. E. coli strain MRA30 (MG1655, recA56 prfA1) [28] was employed as the bacterial host system for these experimental studies. This strain carries a conditionally lethal mutation in the prfA gene within its genome, which encodes a structural variant of RF1 with attenuated translation termination activity. Zhang, et al., [28] first reported that a single Arg137Pro mutation within the sequence of E. coli RF1 altered its interaction with the ribosome and supported higher levels of amber suppression within genetic templates when supplemented with genes encoding suppressor tRNA species. Strains with this mutation, prfA1, display a temperature-sensitive phenotype, in which growth is impaired at elevated temperature (42 °C) . Even within the permissive temperatures range (30-37 °C), the activity of the mutant RF1 is weakened vis-à-vis the wild-type protein, although the bacterial cells maintained a growth phenotype that was only slightly reduced with respect to an isogenic prfA + E. coli strain. For comparison, we employed E. coli DH10B, a common laboratory expression strain that supports single-site insertion of non-canonical amino acids, as a control host in these studies since it presumably displays wild-type levels of RF1 activity.
A number of orthogonal aminoacyl-tRNA synthetase/tRNA pairs have been developed that facilitate incorporation of single-site substitutions in response to amber codons. We chose to examine two different experimental systems to assess the generality of this synthetic approach. The first one was derived from the M. barkeri pyrrolysyl-tRNA synthetase/ tRNA(Pyl) [29] pair, which is naturally orthogonal in E. coli and need not be structurally modified to avoid tRNA cross-charging between the heterologous pair and the endogenous systems of the bacterial host. This pyrrolysyl-tRNA synthetase/tRNA(Pyl) pair comprises a native suppressor system in which the CUA anti-codon of tRNA(Pyl) selectively decodes the amber termination codon and co-translationally inserts the variant amino acid with high selectivity. [30] Several mutants of pyrrolysyl-tRNA synthetase have been reported in which structural modifications have been introduced within the substrate recognition site on the basis of analysis of the crystal structure of the homologous enzyme from M. mazei. [31] In this study, the single (Tyr349Phe) and double (Tyr271Ala, Tyr349Phe) mutants of the wildtype M. barkeri PylRS were employed to direct incorporation of N--tBoc/Aloc-lysine and N--Cbz-lysine derivatives, respectively, ( Figure 1 ) into polypeptide sequences in response to amber codons.
As a point of comparison, the second system was derived from a M. jannaschii tyrosyl-tRNA synthetase/tRNA(Tyr) pair, in which multiple rounds of mutagenesis and selection were employed to create an artificial state of orthogonality vis-à-vis the E. coli host system. [32] , [33] Schultz, et al., have developed methods for evolution of mutant tyrosyl-tRNA synthetases that are capable of activation of a chemically diverse range of substitutedaromatic amino acids in E. coli host strains. We chose two of these mutant tyrosyl-tRNA synthetases for investigation; the p-benzoylphenylalanyl-tRNA synthetase (BpaRS) [34] [35] and p-azidophenylalanyl-tRNA synthetase (AzFRS), [36] [37] in combination with an orthogonal tRNA, Nap1, that was derived from MjtRNA CUA (Tyr). [33b] Taken together, mutant aminoacyl-tRNA synthetases from these two classes of organisms should be able to support the incorporation of a variety of non-canonical amino acids into recombinant polypeptides ( Figure 1 ).
Codon-optimized synthetic genes encoding the respective aaRS mutants were cloned into the plasmid-based vector into which we had previously cloned the gene encoding the appropriate suppressor tRNA under the control of the constitutive lpp promoter. [38] The aaRS genes were placed under the transcriptional control of the P Ltet promoter [39] and were expressed constitutively in a vector background based on the low copy p15A replicon (Supporting Information). [19a] We constructed two test substrates to assess the suppression efficiency of the RF1attenuated E. coli host system and evaluate its suitability for incorporation of non-canonical amino acids at multiple positions within a recombinant polypeptide sequence. The first genetic construct was derived from a codon-optimized variant of the green fluorescent protein superfolder (sfGFP), [40] in which three amber (TAG) codons were inserted at permissible loop positions (Gln157/Lys158, Glu172/Asp173, and Leu194/Leu195) within the coding sequence. [41] This fluorescent reporter system permitted the use of flow cytometric analysis to monitor the incorporation of the non-canonical amino acids into the test substrate. The second genetic construct was derived from an elastin-mimetic protein polymer [42] [43] based on a repeat sequence in which the introduction of an amber codon was employed to specify the position and frequency of occurrence of a non-canonical amino acid (Xaa) (vide infra). This genetic template permitted evaluation of the potential of our approach for the preparation of sequence-repetitive polypeptides that had been substituted with multiple non-canonical amino acids. In addition, we could interrogate the efficiency of decoding as a function of the number of termination sites within the polypeptide coding sequence. The genes encoding the respective test substrates were which supports inducible expression in response to the presence of the gratuitous inducer IPTG.
Multiple-site suppression of sfGFP derivatives
Flow cytometric analysis of expression cultures of the sfGFP reporter was employed to monitor incorporation of the non-canonical amino acids in E. coli strains DH10B and MRA30 ( Figure 2 and Supporting Information). The data clearly indicate an increase in the fluorescence activity of the sfGFP-(TAG) 3 derivative in E. coli strain MRA30 in the presence of the non-canonical amino acids, with respect to the negative control, i.e., absence of analogue, but only under conditions of co-expression of the mutant aaRS/tRNA pair. In comparison, the fluorescence activity under identical conditions for sfGFP derivatives in E. coli strain DH10B was significantly reduced with respect to that in E. coli MRA30 and often barely distinguishable from the negative control, even in the presence of the aaRS/tRNA pair. Taken together, the flow cytometry data demonstrate that E. coli strain MRA30 supports a higher level of sfGFP expression in the presence of the non-canonical amino acids, which suggests that the suppressor tRNA competes more effectively for amino acid insertion due to the attenuated activity of the mutant RF1. However, we note that the fluorescent signal of the sfGFP derivative falls below that of the positive control to varying degrees for the different non-canonical amino acids. The observed decrease in fluorescence might result in part from the loop insertions within the sfGFP-(TAG) 3 and/or the presence of the non-canonical amino acids, either of which may inhibit protein folding and fluorophore formation. However, the relative efficiency of co-translational insertion of the amino acid analogue also appears to play a significant role. On the basis of the flow cytometry data, the effective level of incorporation of the pyrrolysine analogues decreases in the order; tBoc ≈ Aloc > Cbz, which agrees with previous experimental evaluations of incorporation efficiency in single-site suppression studies (Figure 2 and Supporting Information). [31b, 31c] In addition, the incorporation of AzF into the sfGFP template appears significantly more facile than that of Bpa; an observation that is supported from preparative-scale expression studies (vide infra). The observed differences between non-canonical amino acids may reflect several criteria, including the efficiency of substrate recognition and tRNA charging, the binding efficiency of the charged tRNA to EF-Tu and the ribosome, and residual competition between the aminoacylated suppressor tRNA and the mutant release factor.
In order to quantitate the effectiveness of suppression for the various analogues, preparativescale expression of the sfGFP derivatives was performed in E. coli MRA30 in the presence of the respective non-canonical amino acids. The sfGFP derivatives were isolated from LB or TB expression cultures supplemented with the amino acid analogues using immobilized metal affinity chromatography and the yield was determined using the Bradford assay (Table 1 ). Western blot analyses of whole-cell lysates indicated a significantly higher level of expression of the target protein in E coli strain MRA30 in comparison to expression under identical conditions in E. coli strain DH10B. The isolated yields differ between the noncanonical amino acid derivatives in a manner that reflects the trend observed in the flow cytometric analysis of the sfGFP derivatives and Western blot analyses. The deconvoluted ESI-mass spectrometric analysis of the purified sfGFP variants indicated that the mass of the main peak was greater than that of the wild-type sfGFP sequence ( Figure 3 and Table 1 ). The mass increment in each case was consistent with the presence of three equivalents of the non-canonical amino acid that had been added to supplement the respective expression culture. No evidence could be detected for infiltration of canonical amino acids into the target protein within the limits of experimental detection for any of the cases under consideration. For the most effective analogues, the expression level of the modified sfGFP proteins compared well to that of recombinant polypeptide derivatives containing the same number of suppression sites that had been expressed in E. coli strains in which prfA had been deleted. [26] [27] 
Multi-site suppression of sequence-repetitive polypeptides
The sfGFP expression studies demonstrated that multiple termination codons could be decoded with a structurally diverse variety of non-canonical amino acids to afford chemically modified proteins in good yield. However, questions lingered regarding limitations in the scope of the process, in particular, the number of termination codons that could be efficiently decoded as non-canonical amino acids. This issue is of critical importance for the synthesis of protein polymers modified with non-canonical amino acids, as each sequence repeat may contain one or more suppression sites. Therefore, sequencerepetitive polypeptides of modest size may contain a significant number of amber termination sites within the coding sequence, any of which may result in truncation of the full-length construct upon recognition with endogenous RF1. To address this issue, we assessed the suppression efficiency of the RF1-attenuated E. coli system using a test substrate based on a sequence-repetitive polypeptide derived from an elastin-mimetic repeat sequence.
Elastin is a native protein-based biomaterial that is the primary structural component underlying the elastomeric mechanical response of compliant tissues in vertebrates. [43] Polypeptides that mimic the physiologically relevant properties of native elastin have been the focus of significant research interest for their potential as responsive biomaterials in tissue-engineering and biotechnological applications. [44] The macromolecular properties of the elastomeric domains can be emulated by synthetic polypeptides that are composed of a concatenated sequence of native oligopeptide repeat motifs; the most common of which is the pentapeptide (Val-Pro-Gly-Val-Gly). In addition, elastin-mimetic polypeptides display a well-defined correlation between repeat sequence and macromolecular properties (vide infra), which enables the creation of a wide variety of synthetic elastin analogues with tailorable physical properties. [42] As such, elastin-mimetic polypeptides represent the bestcharacterized biomimetic protein-based materials that have been prepared and analyzed to date.
The elastin-mimetic repeat sequence, [(Val-Pro-Gly-Val-Gly) 2 (Val-Pro-Gly-Xaa-Gly)(Val-Pro-Gly-Val-Gly) 2 ] elastin-(TAG), was used as the basis for design of a synthetic DNA cassette (i.e., DNA monomer) in which the introduction of an amber (TAG) codon was employed to specify the position and frequency of occurrence of a non-canonical amino acid (Xaa) (Supporting Information). Previous studies have demonstrated that the elastin-mimetic repeat sequence is tolerant of non-conservative substitutions at the fourth position of the pentapeptide unit, [42] which makes this position an ideal site for introduction of noncanonical amino acids. A seamless cloning procedure [45] was employed for head-to-tail selfligation of the DNA cassette to afford a pool of DNA concatemers, [46] from which individual clones corresponding to twelve, elastin-(TAG) 12 , and twenty-two, elastin-(TAG) 22 , repeats of the DNA monomer were isolated ( Figure 4 ). An important consequence of this procedure is that the concatemeric genes encode direct sequence repeats of the DNA monomer. Since release factor recognition of termination codons depends on the local sequence context, [28] , [47] the repetitive sequence of the elastin-mimetic polypeptide suggests that suppression efficiency should be uniform for each amber site within the sequence.
SDS-PAGE electrophoretic analysis of the whole-cell lysates from the expression cultures was employed to evaluate the production of the two elastin-mimetic polypeptides under IPTG induction in the presence of the non-canonical amino acids (Figure 4 ). In each case, a significant level of protein accumulation was observed for E. coli MRA30, but only in the presence of the respective aaRS/tRNA pair that was specific for the corresponding noncanonical amino acid. In contrast, E. coli DH10B strain did not display significant levels of protein production under identical conditions, nor was protein accumulation observed in the E. coli MRA30 strain upon induction in the absence of the non-canonical amino acid. The substituted elastin-mimetic polypeptides could be purified from the cell lysate using either immobilized metal affinity chromatography or inverse temperature transition cycling (4 °C/ 37 °C). [48] SDS-PAGE electrophoretic analysis of the purified polypeptides indicated that the bands corresponding to the purified elastin derivatives migrated at the correct mass relative to the protein standards (Supporting Information).
For the pyrrolysyl-tRNA synthetase/tRNA(Pyl) system, the isolated yields of the elastin derivatives reflected a similar trend to those of the corresponding sfGFP derivatives in that the N--tBoc-lysine derivative afforded the highest yield, while the N--Cbz-lysine derivative provided the lowest yield ( Table 2 ). The elastin-(Cbz) 22 polypeptide could not be isolated using either purification protocol, as substantial degradation of the polypeptide occurred during the isolation. However, Western blot analysis provided strong evidence for initial production of the corresponding full-length polypeptide. As observed earlier for the sfGFP derivatives, the yields of the AzF-substituted elastin-mimetic polypeptides were higher than for corresponding Bpa-substituted analogues. The discrepancies in protein yield observed between non-canonical amino acids for a given aaRS/tRNA system presumably reflect the considerations described above for the corresponding sfGPF derivatives. These considerations include differences in the enzymatic activity of the respective aaRS mutants for the non-canonical amino acids, and in suppression efficiency of the charged suppressor tRNAs during ribosomal chain elongation.
MALDI-TOF mass spectrometry was employed to assess the efficiency of production of the full-length elastin-mimetic polypeptides that resulted from multi-site suppression at the encoded amber positions. While mass spectra could be obtained for all of the elastin-(Xaa) 12 derivatives, only elastin-(Aloc) 22 gave reliable data among the longer elastin derivatives. Presumably, this situation reflected the difficulties in desorption/ionization of relatively large, hydrophobic proteins and/or concomitant gas-phase decomposition of the polypeptides in the mass spectrometer. The MALDI-TOF mass spectra in each case were consistent with a high level of substitution of the respective non-canonical amino acid into the corresponding elastin polypeptide sequence (Table 2) . Notably, in the case of elastin-(Aloc) 22 , the major species in the MALDI-TOF mass spectrum was observed at the correct m/z value for intact full-length polypeptide in which the appropriate number of noncanonical amino acids had been inserted (Table 2 ). In addition to the major peak, the MALDI-TOF mass spectra of proteins isolated using inverse transition temperature cycling indicated the presence of a series of species at lower m/z values ( Figure 5 ). For the elastin-(Aloc) n derivatives (n = 12, 22), the difference between successive peaks corresponded to an average mass of 2143 units (u), which approximates the calculated mass of 2160 u for the [(Val-Pro-Gly-Val-Gly) 2 (Val-Pro-Gly-Aloc-Gly)(Val-Pro-Gly-Val-Gly) 2 ] repeat unit. Assuming the peaks correspond to singly charged species, the observed masses were consistent with truncation products that result from termination at amber suppression sites upstream of the TAA codon that specifies termination of the entire open reading frame of the elastin expression cassette. These species were presumably carried through with the major product, i.e., full-length polypeptide, during the inverse transition temperature purification process. The truncation peaks are much more noticeable in the mass spectrum of elastin-(Aloc) 22 , especially at lower m/z values. This situation may reflect the greater difficulty in achieving gas-phase ionization of the larger elastin derivative, rather than a skewing of the distribution of truncation products towards lower molar mass species. These observations suggest that termination at amber sites can compete with suppression, however the SDS-PAGE analysis of the purified proteins indicates that the efficiency of suppression in the RF1-attenuated strains is such that full-length polypeptides are obtained as the major product even at the relatively high content of amber codons present within these sequencerepetitive polypeptides. Notably, the truncation products were not observed in the MALDI-TOF mass spectra of protein samples that had been purified using immobilized metal affinity chromatography, which requires the presence of an intact C-terminal deca-histidine tag of the full-length polypeptide sequence in order to effect the separation. This observation provides further support for the hypothesis that the truncation products resulted from termination at internal amber sites within the coding sequence of the elastin-mimetic polypeptides.
In order to ascertain the presence and position of the non-canonical amino acid, highresolution tandem mass spectrometry was performed on cleavage fragments from proteolytic digestion of the elastin-mimetic polypeptides. However, the sequence repeats of the protein polymer lacked convenient sites for residue-specific endoproteinases. The metalloproteinase thermolysin was chosen for these analyses since it catalyzes the selective hydrolysis of peptide bonds at positions that are located directly upstream of hydrophobic amino acid residues within the polypeptide sequence. The high content of valine residues within the repeat units of the elastin-mimetic polypeptides suggested that the largest cleavage fragments would correspond to peptide sequences that incorporated the non-canonical amino acid residue. Tandem MALDI-TOF/TOF mass spectrometry of the products from thermolysin cleavage of the elastin-mimetic polypeptides were consistent with incorporation of the respective non-canonical amino acids at the amber sites within the coding sequence of the elastin repeat unit (Supporting Information). Mass spectrometric analyses of thermolysin cleavage products derived from protein polymers corresponding to either 12 or 22 repeats (where available) of the elastin-mimetic sequences were similar in terms of the masses and relative population of cleavage products. In addition, the peptide fragmentation pattern derived from collision-induced dissociation of selected gas-phase ions corresponding to the proteolytic cleavage products indicated the presence of the non-canonical amino acid at the appropriate position within the sequence. Mass differences were observed between fragment ions that could be attributed to the presence of N--allyloxycarbonyl lysine (212 u), N-benzyloxycarbonyl lysine (262 u), or p-benzoylphenylalanine (251 u) residues. In the case of the tBoc-lysine derivative, the tBoc group was lost in the gas phase and the observed mass difference (128 u) corresponded to that of the deprotection product lysine rather than the tBoc-lysine derivative (228 u). MALDI-TOF/TOF mass spectra of the pazidophenylalanine-containing peptide fragments indicated reaction of the azido group under laser irradiation.
The identities of the peptides corresponding to the thermolysin cleavage fragments were confirmed independently by accurate mass measurements and by MS n experiments carried out by using electrospray ionization coupled to a linear ion trap and an Orbitrap analyzer (Table 3 and Figure 6 ). The experimental errors on the mass measurements were within 3 parts per million with respect to the theoretical values calculated from the elemental composition for the suppositious gas-phase species. In addition, good agreement was observed between measured and theoretical isotopic clusters. Tandem MS data indicated the presence of the non-canonical amino acids in terms of differences in mass between secondary ion cleavage fragments and in terms of loss of reactive functionality associated with the unique amino acid (Fig 5 and Supporting Information) . These data provided strong evidence for the presence of the non-canonical amino acids, Aloc, Cbz, Bpa and AzF, in the appropriate sequence context within the elastin-mimetic repeat unit. As observed previously in the tandem MALDI-TOF/TOF mass spectrometric analyses, the presence of the tBoc derivative was inferred from the appearance of lysine within the fragment ions, which resulted from gas-phase loss of the protecting group. The mass spectrometric analysis did not provide evidence for the presence of canonical amino acids at amber codon sites within the elastin repeat sequence within the experimental limits of detection. These data, in combination, suggest that site-specific substitution of the non-canonical amino acids occurs in response to amber codons within the elastin template and that the sole detectable alternative to suppression is low-level termination due to the attenuated activity of RF1 within E. coli MRA30.
Conclusion
This biosynthetic approach enables the preparation of sequence-repetitive polypeptides in which multiple non-canonical amino acids have been incorporated at defined positions in the polypeptide sequence. The accumulated data suggest that attenuation of RF1 activity can significantly enhance the incorporation of non-canonical amino acids through decreased effectiveness in competition with aminoacylated suppressor tRNAs for recognition of the amber codon sites encoded within the translational reading frame of the recombinant polypeptide. The efficacy of the process depends strongly on the identity of the orthogonal aminoacyl-tRNA synthetase/suppressor tRNA pair; nonetheless, expression yields approached those estimated from similar studies conducted within RF1 knockout strains of E. coli. Significant levels of recombinant protein expression were detected with sequencerepetitive proteins encoding up to 22 amber suppression sites. While the process remains to be optimized with respect to isolated protein yield, these results suggest that sequencerepetitive polypeptides, i.e., protein polymers, can be prepared with high levels of incorporation of non-canonical amino acids with selectivities that eclipses those of the sense-suppression approach. These substitutions occur within a uniform and controllable sequence context, which should enhance the potential for coupling of the chemical properties of the variant side-chains to the materials properties of the protein polymer. The Bpa [49] and AzF [50] residues are of particular interest in this regard as they provide photocrosslinkable sites that may facilitate processing of the corresponding elastin-mimetic protein polymers into elastic networks under environmentally benign conditions. Schultz, et al., have reported conditions for the co-translational incorporation of a vast repertoire of chemically diverse phenylalanine derivatives into single amber sites encoded within recombinant polypeptides. [24] In addition, several research laboratories have described mutant versions of pyrrolysyl-tRNA synthetases that enable insertion of functionally modified derivatives using a similar approach. [31] , [51] The multi-site suppression method described herein can leverage the utility of these systems for the preparation of substituted protein polymers in which the materials properties can be enhanced through incorporation of novel chemical functionality at precisely defined positions within the sequence. In addition, many native protein-based materials incorporate repetitive sequences that include multiple sites of post-translational modification that are critical for appropriate biological function, e.g., trans-hydroxyproline in collagens, [52] [53] or DOPA residues in mussel adhesive proteins. [54] The multi-site suppression techniques represents an attractive approach to the synthesis of these functional materials, which are challenging to obtain from in vitro chemical or in vivo enzymatic modification of the native protein sequences.
Experimental Section

Amino acid analogues
The amino acid derivatives N -(tert-butyloxycarbonyl)-L-lysine (tBOC), Nbenzyloxycarbonyl-L-lysine (Cbz), para-benzoyl-L-phenylalanine (Bpa) and para-azido-Lphenylalanine were purchased Bachem Bioscience, Inc. (King of Prussia, PA), and Nallyloxycarbonyl-L-lysine (Aloc) was obtained from Sigma Chemical Co.
Plasmid construction
A synthetic gene encoding a superfolder GFP variant, sfGFP(TAG) 3 , with three amber codons inserted at sites between amino acid residues 157-158, 172-173, and 194-195 was isolated via restriction digestion with BamH I and EcoR I and cloned into compatible sites in plasmid pIL5, an expression vector derived from pQE-80L with a modified polylinker (supporting information), in which the GFP variant was cloned upstream of an in-frame deca-histidine tags at the C-terminus of the full-length reading frame. The sequence of the expression cassette was verified after isolation of the plasmid clone.
A synthetic DNA monomer encoding the elastin repeat sequence [(Val-Pro-Gly-Val-Gly) 2 -(Val-Pro-Gly-(amber)-Gly)-(Val-Pro-Gly-Val-Gly) 2 ] was synthesized and cloned into the BamH I/HinD III-digested pZErO-1 to generate pIL41. A seamless DNA concatemerization procedure [46] was employed to afford a pool of DNA concatemers. The pool of multimers was isolated from the gel and cloned into the Bbs I/BsmB I sites of plasmid pIL41. The ligation product was transformed into competent cells of E. coli strain Top10F . Plasmids containing 12 and 22 repeats of the Elastin-UAG monomer were isolated. The concatemeric DNA cassettes were liberated from the cloning plasmid by sequential restriction digestion with endonucleases Bbs I and BsmB I and isolated using agarose gel electrophoresis. The purified DNA cassettes were cloned into the compatible Bsa I sites of pIL5 to afford plasmids pIL43.5 and pIL43.11, which contained 12 and 22 repeats of Elastin-UAG, respectively.
A duplex DNA cassette encoding tRNA sequence was synthesized by annealing the synthetic oligonucleotide cassettes. The synthetic gene was cloned into compatible EcoR I/ Pst I sites within plasmid pSU81. [38] Plasmid pSU81 was digested with Nhe I and Pvu I to afford the tRNA gene as a duplex DNA cassette under the transcriptional control of the lpp promoter and rrnC terminator sequences. The synthetic DNA encoding the RNA expression cassette was cloned into compatible sites within plasmid pHEC2, a modified version of plasmid pME1 into which Nhe I and Pvu I restriction sites had been inserted using inverse PCR from synthetic oligonucleotide primers. The synthetic gene encoding wild-type aminoacyl-synthetase was cloned into compatible Kpn I/Xba I restriction sites within pHEC2 in which the aaRS gene was under control of the P L tet promoter. Single Y271A and double Y371A/Y349F mutations were introduced into the wild-type MbPylRS gene template using Quik-Change mutagenesis from gene-specific primers. The optimized BpaRS, [35] with the following mutation sites: A31V, Y32G, E107P, D158S, I159S, was introduced into the MjTyrRS gene template using Quik-Change mutagenesis from genespecific primers. The primers and details for plasmid construction are described in the Supporting Information.
Incorporation of amino acid analogues into recombination protein
The expression vectors encoding sfGFP(TAG) 3 or elastic-mimetic proteins were cotransformed with aminoacyl-synthetase/tRNA pairs into E. coli strains DH10B or MRA30.
Single colonies of the expression strains were inoculated into sterile LB or TB broth supplemented with the appropriate antibiotics (100 g/mL ampicillin and 34 g/mL chloramphenicol) as required for plasmid maintenance. The overnight culture was diluted 50-fold the next morning into fresh media, and cells were allowed to grow at 30°C until the OD 600 reached approximately 1.0. A final concentration of 1mM IPTG and amino acid analogues were added to induce recombinant protein expression, and cells were harvested 12h post-induction.
Purification of recombinant protein
Harvested cells were re-suspended in lysis buffer (50 mL, 50 mM sodium phosphate, 300 mM NaCl, pH 7.0) and stored at −80°C. The frozen cells were lysed by three freeze/thaw cycles. Lysosome (1 mg/mL), EDTA-free protease inhibitor cocktail, benzonase (25 units/ mL) , and MgCl 2 (1mM) were added to the lysate and the mixture was incubated shaking at 4°C for 12 h. The cell lysate was centrifuged at 14,000g for 30 min at 4 °C. The supernatant from the sfGFP expression was loaded directly onto a column containing cobalt-charged TALON resin and followed by a series of washes with lysis buffer (20mL) containing 20 mM imidazole. The target protein was eluted with elution buffer (20 mL, 50 mM sodium phosphate, 300 mM NaCl, 250 mM imidazole, pH 8.0) and dialyzed (MWCO = 10 kDa) against distilled de-ionized water (5 × 4 L). The dialysate was concentrated by ultrafiltration using Amicon filters (NMWL 10 kDa) to a final volume of 1 mL. Protein concentration was measured by the Bradford assay. Elastins were purified through repetitively cycling through the inverse temperature transition between 30 °C and 4 °C. A final concentration of 2 M NaCl was added into the initial supernatant from the elastin protein expression cultures to induce phase separation above the lower critical solution temperature (LCST). The mixture was incubated at 30 °C for 30 min to precipitate the target protein. At this temperature, the elastins derivatives became insoluble and formed large micron-sized aggregates. The suspension was centrifuged at 9500g and 25 °C for 20 min. The pellet containing the precipitated elastin derivative was re-suspended in cold (4 °C) lysis buffer, incubated on ice for 30 min and centrifuged at 20000g and 4 °C for 20 min. This thermal cycling process was repeated until elastin derivatives were purified. The pure elastins were dialyzed against distilled deionized water (5 × 4 L). The dialysate was lyophilized to produce colorless solids and the protein yields were measured in terms of dry weight per unit volume of culture.
Flow cytometric analysis
Aliquots (1 mL) of E. coli cells from expression cultures were grown until the OD 600 reached approximately 1.0 absorbance units. The cultures were centrifuged at 4000g and 4°C for 10 min and re-suspended in 1 mL of phosphate-buffered saline pH 7.4. Flow cytometry was performed using a LSRII flow cytometer (Beckton Dickinson) equipped with a 100 mW solid-state laser emitting at 488 nm for the excitation of sfGFP, a 505 nm LP dichroic mirror and a 530/30 bandpass filter. Forward scatter (FSC), sideward scatter (SSC) and green fluorescence were acquired by FACSDiva software. The specific instrumental gain settings for these measurements were as follows: FSC = 250, SSC = 300, F1 = 302. The maximum of each fluorescence histogram (number of events as a function of fluorescence) was scaled to 10000 to facilitate comparison of the histograms of sfGFP with different noncanonical amino acids. Data was analyzed using FlowJo software (TreeStar.com).
Thermolysin cleavage reactions
Purified elastin derivatives were dissolved in sterile water at a concentration of approximately 1 mg/mL. Dithiothreitol (DTT) was added as final concentration 10 mM and the mixture was incubated at 100 °C for 30 min to denature the protein. After the reaction mixture was cooled to 37 °C, thermolysin was added to the denatured protein solution to a concentration of 1 part in 50 (w/w) with respect to protein and the reaction mixture was incubated at 37 °C for 12 h. The products from the proteolysis reaction were passed through a C18 spin column (Thermo Scientific, Inc.) to remove salts and thermolysin. The peptide fragments were eluted using acetonitrile:water (70/30, v/v) mixture and the solution was employed directly for mass spectrometric analysis.
Mass spectrometry
ESI mass spectra of sfGFP derivatives were acquired by LTQ-FT mass spectrometer (ThermoElectron, San Jose, CA) in the positive ion mode (200-2000 m/z) using a spray voltage of 4 kV, a capillary voltage of 41 V, a sheath gas flow rate of 20 arbitrary units. The tube lens voltage was 215 V, and the AGC setting was 5e+05. Molar masses of elastins with pyrrolysine analogues were determined by MALDI-TOF MS on an Applied Biosystems Voyager System STR mass spectrometer in the positive linear mode. Ferulic acid was used as matrix at a concentration of 10 mg/mL in a mixture of 75 % acetonitrile and 0.2% formic acid in deionized water. The protein solution (1 mg/mL in distilled water) was mixed with the matrix solution in a ratio of 1:10 and dried under air. Bovine serum albumin (BSA) was used as a standard for external calibration.
Tandem MS of selected thermolysin-digested peptides were carried out using ESI and MALDI mass spectrometry. Electrospray measurements have been carried out on a LTQ-XP-Orbitrap instrument (Thermo, Bremen, Germany). Operating conditions of the ESI source were as follows: spray voltage 4.5 kV; capillary temperature 200°C; sheath gas (nitrogen) flow rate ca. 0.75 L/min. Solutions of each peptide (1×10 −5 M, methanol) were infused with a rate of 5 L/min. CID collision energy: 0.5-1.0 eV (laboratory frame). MALDI spectra were recorded on an Ultraflex TOF/TOF instrument (Bruker Daltonics GmbH, Bremen, Germany) equipped with LIFT capability. A pulsed Nd:YAG laser at a wavelength of 355 nm was operated at a frequency of 100 Hz. The source was operated in the positive mode with an acceleration voltage of 25.0 kV, and a delayed extraction time of 20 ns was applied. A solution of the alpha-cyano-4-hydroxycinnamic acid (4-HCCA, Sigma-Aldrich, Milan, Italy) matrix in water/acetonitrile (1/1, v/v) at a concentration of 10 mg/ml was mixed with the peptide sample in equal amount and 0.5 l of this solution was deposited onto the MALDI target. Mass spectra were acquired from 100 laser shots in the range m/z 500-3000 in the reflectron mode. MS/MS experiments were performed under LID conditions with the LIFT cell voltage parameters set at 19.0 kV for a final acceleration of 29.5 kV (reflector voltage) and a pressure in the LIFT cell around 4 × 10 −7 mbar. Data analysis of MS/MS data has been carried out using the package Bio Tools ™ (Bruker Daltonics, Bremen, Germany). Non-canonical amino acids employed as substrates for co-translational incorporation experiments. Deconvoluted ESI-mass spectra of sfGFP derivatives isolated from expression cultures of E. coli strain MRA30 in the presence of the respective orthogonal synthetase/tRNA pair. The masses are consistent with substitution of the indicated non-canonical amino acids at amber codon sites encoded within the genetic template. Note that the lower mass species in the tBoc derivative result from partial hydrolysis of the tert-butoxycarbonate group in the gasphase.
Figure 4.
A) Repeat sequence for the elastin-mimetic polypeptides, elastin-(TAG) 12 and elastin-(TAG) 22 , indicating the position within the coding sequence of the amber codon. Agarose gel electrophoretogram derived from restriction analysis of the plasmid-based concatemer clones, indicating the relative size of the coding sequences for the elastin concatemers. B) Western blot analyses of SDS-PAGE of whole cell lysates of elastin expression cultures (M, molecular weight standards; Lanes 1-9, pyrrolysine analogues; Lanes 10-13, tyrosine analogues). Lanes 1 and 6, negative controls (no amino acid supplementation); Lane 2, DH10B/elastin-(TAG) 12 with Aloc; Lanes 3-5, MRA30/elastin-(TAG) 12 with Aloc, tBoc, and Cbz, respectively; Lanes 7-9, MRA30/elastin-(TAG) 22 with Aloc, tBoc, and Cbz, respectively; Lanes 10 and 11, MRA330/elastin-(TAG) 12 with Bpa and AzF, respectively; Lanes 12 and 13, MRA30/elastin-(TAG) 22 with Bpa and AzF, respectively. Target protein bands were visualized through recognition of the His-tag sequence with the anti-(His) 5 antibody. MALDI-TOF mass spectra of Elastin-(Aloc) 12 (A) and Elastin-(Aloc) 22 (B). Note the smaller peaks within the respective mass spectra that correspond to truncation products that result from termination. Tandem ESI-MS/MS analysis of thermolysin cleavage fragments resulting proteolysis of elastin-(Aloc) 12 (A) and elastin-(AzF) 12 (B), respectively. The spectra were obtained by selecting the species [M+H] + having m/z values of 950 and 616, respectively. Table 1 Superfolder GFP expression and ESI-mass spectrometry data. Yield was determined using the Bradford assay on purified protein solutions.
[b]
Theoretical molar mass was calculated based on the assumption that E. coli methionyl-aminopeptidase results in proteolytic cleavage of the N-terminal methionine to afford the (sfGFP-Met) derivatives.
[c]
The difference in experimental molar masses between the substituted sfGFP-(Xaa) 3 and wild-type sfGFP.
[d]
Calculated molar mass for three equivalents of the indicated non-canonical amino acid as a peptidic unit (calcd molar mass: Aloc, C High-resolution ESI-mass spectrometric analysis of accurate mass of proteolytic fragments resulting from thermolysin cleavage of elastin-mimetic proteins. 
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